The severity of left ventricular (LV) dysfunction in rats with myocardial infarction (MI) varies widely. Because homogeneity in baseline parameters is essential for experimental investigations, a study was conducted to establish whether Doppler echocardiography (DE) could accurately identify animals with high LV end-diastolic pressure as a marker of LV dysfunction soon after MI. Direct measurements of LV end-diastolic pressure were made and DE was performed simultaneously 1 week after surgically induced MI (N = 16) or shamoperation (N = 17) in female Wistar rats (200 to 250 g). The ratio of peak early (E) to late (A) diastolic LV filling velocities and the ratio of E velocity to peak early (E m ) diastolic myocardial velocity were the best predictors of high LV end-diastolic pressure (>12 mmHg) soon after MI. Cut-off values of 1.77 for the E/A ratio (P = 0.001) identified rats with elevated LV end-diastolic pressure with 90% sensitivity and 80% specificity. Cut-off values of 20.4 for the E/E m ratio (P = 0.0001) identified rats with elevated LV end-diastolic pressure with 81.8% sensitivity and 80% specificity. Moreover, E/A and E/E m ratios were the only echocardiographic parameters independently associated with LV end-diastolic pressure in multiple linear regression analysis. Therefore, DE identifies rats with high LV end-diastolic pressure soon after MI. These findings have implications for using serial DE in animal selection and in the assessment of their response to experimental therapies. 
Introduction
Experimentally induced myocardial infarction (MI) in rats is commonly used as a heart failure (HF) model in a variety of settings, such as the study of pathophysiology (1, 2) or the evaluation of experimental drugs (3) (4) (5) , and non-drug therapies such as stem cells (6, 7) . However, this model displays a wide variation in infarct size (1) , leading to a wide range of left ventricular (LV) function impairment (1, 8) . Because homogeneity in baseline parameters is essential for experimental studies, it is important to assess accu-R.M. Saraiva et al.
www.bjournal.com.br rately the degree of LV function impairment in post-MI rats. One of the consequences of post-MI LV dysfunction is elevated LV enddiastolic pressure (LVEDP). However, the gold standard for assessing LVEDP is invasive hemodynamics, which often results in animal death. Therefore, reliable noninvasive assessment of LVEDP becomes crucial.
Noninvasive assessment of cardiac performance, as obtained by Doppler echocardiography (DE), has the advantage of allowing serial evaluations, which are important for longitudinal studies and for testing therapeutic strategies. Previous studies have shown good correlations between different echocardiographic parameters and LVEDP in rats with MI (9) (10) (11) (12) . However, these studies assessed animals long after MI, without using concomitant direct intraventricular measurements and, therefore, they did not provide reliable cut-off points for the discrimination of animals in HF soon after MI, the time during which animals are usually randomized to experimental therapies. Therefore, the aim of the present study was to establish the value of noninvasive echocardiographic parameters for identifying high LVEDP in rats soon after MI. The study was performed 7 days after MI to avoid acute high mortality during the first 48 h after MI surgery and any influence of acute trauma associated with surgery on LV hemodynamics.
Material and Methods

Animals and production of myocardial infarction
This investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 96-23, revised, 1996) and was approved by the Institutional Ethics Committee on Animal Research of our University.
Female Wistar rats (200 to 250 g) were submitted to MI as previously described (13) .
Briefly, after intraperitoneal anesthesia with 50 mg/kg ketamine + 10 mg/kg xylazine, a left thoracotomy was performed. The left anterior descending coronary artery was occluded with a 6-0 polypropylene suture and the thorax was immediately closed. Animals had free access to food and tap water after surgery. Sham animals underwent all the previously described surgical procedures except for left anterior descending coronary artery occlusion.
Hemodynamic evaluation
Simultaneous hemodynamic and echocardiographic evaluations were performed one week after MI. After anesthesia (as described above), the right carotid artery was cannulated with a fluid-filled PE-50 polyethylene catheter with the distal 0.6 cm portion made of PE-10 silicone. The tip of the catheter was advanced into the LV cavity and a Biopac TSD 104A pressure transducer was used to obtain intraventricular pressure curves (AcqKnowledge ® 3.7.3, Biopac Systems Inc., Goleta, CA, USA). The resonant frequency and the degree of damping of the system were 52 Hz and 0.69, respectively, calculated as proposed by Fry (14) . LVEDP was measured as the average of the values obtained during a complete respiratory cycle, which usually corresponded to 5 consecutive beats.
Doppler echocardiography
DE was performed using an HP SONOS 5500 instrument (Philips Medical System, Andover, MA, USA) with a 12-MHz transducer for fundamental imaging. All echocardiographic measurements were made after the tip of the LV catheter was placed inside the LV cavity and circulatory equilibrium had been attained. The time when the echocardiographic parameters were recorded was marked on the hemodynamic tracings to allow hemodynamic and DE measurements during the same cardiac cycles. The rats were placed in left lateral decubitus. The images were recorded on videotape and image analysis was performed off-line.
Identification and sizing of myocardial infarction. Infarcts were defined as subjectively identified akinesis or dyskinesis on transverse images obtained at three levels: basal (at the tip of the mitral valve leaflets), middle (at the papillary muscle level), and apical (distal to the papillary muscle but proximal to the cavity cap). To quantify MI size, on each echocardiographic transverse plane, the arc corresponding to the infarcted segments (MI) and the total perimeter of the endocardial border (PE) were measured three times at end diastole, and MI size was calculated as: MI size (%) = MI / PE x 100.
The final MI size of each animal was calculated as the mean of MI size estimated on the three planes (15) and was previously shown to be comparable to that measured by quantitative histological examination (16, 17) .
Chamber dimensions. At least 5 consecutive beats were recorded from the parasternal short axis view just below the mitral valve to obtain LV internal diameters and wall thickness. The LV end-diastolic (LVDd) and end-systolic diameters (LVDs), LV anterior and posterior wall thickness in diastole, and the left atrium (LA) anteroposterior systolic diameter were measured using M-mode images.
Left ventricular systolic function. The LV fractional area change (LVFAC) was calculated based on three measurements of the diastolic and systolic areas using twodimensional echocardiography obtained for each of the three transverse planes. The mean value of the three planes was used to calculate the LVFAC as the difference between diastolic and systolic areas divided by the diastolic area expressed as percentage.
Diastolic function. From the 4-chamber view, the pulsed Doppler sample volume was positioned at the tip of the mitral valve leaflets to obtain mitral diastolic flow velocities. From the velocity curves, E wave deceleration time and peak E and A velocities were measured, and the E/A ratio was derived. Isovolumic relaxation time, determined as the time elapsed between aortic valve closure and mitral valve opening, was measured by continuous wave Doppler positioned between the left ventricular outflow tract and mitral valve in the apical long axis view.
The myocardial performance index of the LV (LV MPI) was calculated as the sum of isovolumic contraction and relaxation times divided by ejection time (15) .
Tissue Doppler imaging
The apical 4-chamber view was used to obtain tissue Doppler velocity traces of mitral annulus at the septal and lateral levels, as previously described (9, 18) . Peak early (E m ) and late (A m ) diastolic and systolic myocardial velocities were obtained from the septal and lateral mitral annulus and averaged for each animal. The E m /A m and E/E m ratios were then calculated.
Post-mortem analysis
After the hemodynamic and echocardiographic studies, the animals were sacrificed and their hearts were excised. The LV and the right ventricle (RV) were weighed. The LV and RV weight indices were calculated as the LV or RV weight (in mg) divided by body weight (in g).
Statistical analysis
Data are reported as means ± SEM and statistical significance was determined by the Student t-test. Relationships between echocardiographic parameters and LVEDP were determined by Pearson's correlation. Receiver-operating characteristic (ROC) curves were used to determine the overall accuracy of the echocardiographic parameters for predicting LVEDP. All echocardio-
www.bjournal.com.br graphic parameters with a significant linear correlation with LVEDP were included in a multiple linear regression model. The null hypothesis was rejected at P < 0.05. All the statistical analyses were carried out using the GraphPad Prism 3.02 (GraphPad Software Inc., San Diego, CA, USA) and StataSE 8.0 software (Stata Corporation, College Station, TX, USA). The echocardiographic measurements in the post-MI rat model used by us display high interobserver agreement, as previously documented (15) .
Results
Animal characteristics
Two different groups were analyzed in the present study: sham-operated rats (Sham; N = 17), and rats with 1 week-old MI (MI; N = 16). The MI size assessed by DE averaged 26.0 ± 2.8% of the LV. Whereas the LV weight index was similar between Sham (2.06 ± 0.1 mg/g) and MI (2.13 ± 0.04 mg/g) groups, the RV weight index was higher in the MI group (0.81 ± 0.03 mg/g) than in the Sham rats (0.68 ± 0.04 mg/g, P = 0.01). Heart rate during data acquisition was similar for the Sham (218.0 ± 8.1 bpm) and MI (204.4 ± 5.3 bpm) groups.
Hemodynamics
MI was associated with a significant increase in LVEDP (Sham: 6.4 ± 0.7 mmHg vs MI: 14.8 ± 1.6 mmHg; P < 0.0001) and a significant decrease in LV systolic pressure (Sham: 121 ± 4 mmHg vs MI: 107 ± 5 mmHg; P = 0.03). High LVEDP was defined as values two standard deviations or more above mean LVEDP in the Sham group (over 12 mmHg). According to this criterion, only five (31%) animals in the MI group had normal LVEDP.
Echocardiography
Except for the E/A ratio, which was not obtained in 3% of the animals (N = 1), and LV MPI, which was not obtained in 6% of the animals (N = 2), all other parameters were obtained in all animals.
There were significant changes in several echocardiographic parameters after MI. Chamber dimensions (LVDd, LVDs, and LA) were increased and the systolic function parameter (LVFAC) was depressed after MI (Table 1) . Diastolic function was also altered as shown by an increased E/A ratio (Table 1, Figure 1 ). At the heart rate studied, both E and A waves were easily identified and measured. Tissue Doppler analysis revealed a decrease in systolic and diastolic myocardial velocities (Table 1) , whereas the E/E m ratio was increased after MI compared to Sham (Table 1) . LV MPI was increased after MI compared to Sham (Table 1) .
Echocardiographic predictors of high left ventricular end-diastolic pressure
Myocardial infarction size. Although 
-test).
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Pearson's correlation analysis showed a regular and significant correlation between MI size and LVEDP (Table 2) , MI size was not a good predictor of high LVEDP in the MI group, as revealed by ROC curve analysis (Table 3) . Chamber dimensions. Pearson's correlation analysis showed significant correlations between LV chamber dimensions and LVEDP in the MI group (Table 2) . However, only LVDd was a significant predictor of high LVEDP by ROC curve analysis (Table 3) . LA diameter did not show a significant correlation with LVEDP (Table 2) and lacked significance as a predictor of high LVEDP in the MI group (Table 3) .
Left ventricular systolic function. Pearson's correlation analysis showed a significant correlation between LVFAC and LVEDP in the MI group (Table 2) . Accordingly, LVFAC was also a significant predictor of high LVEDP by ROC curve analysis (Table 3) .
Diastolic function. Among measurements of diastolic function, only the E/A ratio could identify high LVEDP soon after MI (Figure 2 , Tables 2 and 3 ) with high area under ROC curve ( Figure 2 , Table 3 ) and good linear correlation ( Figure 2 , Table 2 ). On the other hand, E wave deceleration time and isovolumic relaxation time were weak predictors of high LVEDP after MI (Tables 2 and 3) .
Although LV MPI was significant higher in the MI group than in Sham animals (Table  1) , it proved to be a weak predictor of high LVEDP (Table 3) , with no significant correlation with LVEDP (Table 2) .
Tissue Doppler imaging. Among tissue Doppler parameters, the E/E m ratio was the only parameter that could identify high LVEDP soon after MI with a large area under the ROC curve ( Figure 2 , Table 3 ) and a good linear correlation (r = 0.75, P = 0.0008; Figure 2 , Table 2 ).
Comparison among echocardiographic predictors. There was no significant difference among areas under the ROC curve for Observe that both sham operated rat and rat with MI and normal LVEDP displayed similar E/A ratios, whereas rat with MI and high LVEDP displayed increased E/A ratio. On the other hand, E m /A m ratios were similar among examples from these three groups. A = peak late diastolic LV filling velocity; A m = peak late diastolic myocardial velocity; E = peak early diastolic LV filling velocity; E m = peak early diastolic myocardial velocity. 
Discussion
The main finding of the present study is that DE can identify rats with high LVEDP soon after experimentally induced MI. Among several parameters analyzed, the E/ A ratio and E/E m ratio were the best predictors. Moreover, the E/A and E/E m ratios were independently associated with LVEDP and the E/A ratio was as effective as the more sophisticated tissue Doppler analysis for the identification of rats with high LVEDP by ROC curve analysis.
These findings are unique in that they relied on the simultaneous assessment of invasive pressure and echocardiographic measurements made just one week after MI. Previous studies that addressed this issue compared DE parameters to non-simultaneously obtained invasive hemodynamic data at a chronic stage after MI (9-12). The importance of LV function analysis soon after MI is emphasized by the fact that in many studies using this model the experimental drug was started as early as 2 days after surgery (4, 5, 19) . Therefore, the present study provides important information permitting selection of animals with recent MI and severe LV dysfunction, expressed as elevated LVEDP, yielding randomization of homogenous populations before the start of the experimental therapy to be evaluated.
The MI population studied here presented average depressed cardiac performance, as demonstrated by elevated LVEDP and decreased LVFAC, with early changes in heart geometry demonstrated by chambers of increased diameter and an elevated RV weight index. However, there was a wide variation in MI size (from 13.4 to 52% of LV) and cardiac performance with LVEDP ranging from normal (3.4 mmHg) to very high values (23.4 mmHg), indicating the need for a detailed examination of LV function post-MI before animal randomization.
Although chamber diameters were already enlarged 1 week after MI, only LVDd the parameters that could predict high LVEDP.
After multiple linear regression analysis including all echocardiographic parameters with a significant linear correlation with LVEDP, only the E/A (P = 0.006) and E/E m (P = 0.01) ratios were identified as independently associated with LVEDP. was a significant predictor of high LVEDP. A previous study using rats 6 weeks post-MI has shown that LA diameter could be useful to distinguish between post-MI rats with and without HF (10) . Indeed, in humans, LA size or volume is closely associated with raised LV filling pressures (20) and serum natriuretic peptide (21) . However, chamber diameters, except for LVDd, were not good predictors of high LVEDP at the early time point studied in the present investigation, a fact probably due to the incomplete LV remodeling process (2, 22) . It is possible that in the chronic phase LV diameters could be good predictors of high LVEDP, but this was not tested in previous studies (9, 11) . Another important point is that MI size measured by echocardiography was not a good predictor of high LVEDP soon after MI. Thus, MI size estimation alone cannot guarantee an accurate description of the hemodynamic condition of the animal. The E/A ratio was the best classical DE parameter for identifying animals with high LVEDP after MI, with a large area under the ROC curve, and a good linear correlation with LVEDP. In fact, several other studies have described an increased E/A ratio both at early (23, 24) and late (23) stages after MI, as well as significant correlations between E/A ratio and LVEDP (9) . It could be argued that in this early phase soon after MI, diastolic dysfunction should be characterized by a pattern of delayed relaxation with an E/A ratio under 1. However, diastolic dysfunction in MI-induced HF in rats typically presents an elevation in E/A ratio (9, 22, (23) (24) (25) , as early as 2 (24) or 3 days after MI (25) and, to our knowledge, without a distinct phase of an E/A ratio below 1 preceding the development of a high E/A ratio.
The excellent predictive value of the E/A ratio is not surprising. The high LA pressure present at the moment of mitral valve opening determines high E wave velocities in animals with MI in heart failure. At the end of diastole, the elevated LVEDP associated with the loss of LV compliance after MI due to myocardial edema (2) opposes LA contraction, thereby considerably decreasing the velocity of blood flow from the LA into the LV. As a result, the E/A ratio was significantly higher in animals with MI and HF than in Sham controls, and further increased as LVEDP rose. The other pulsed Doppler parameters were unable to accurately identify elevated LVEDP in rats after MI, although there was a significant increase in isovolumic relaxation time after MI.
Although tissue Doppler has been demonstrated to be a powerful tool in the study of diastolic function and in the estimation of LVEDP in humans (26) (27) (28) , in the present study, the E/E m ratio was the only tissue Doppler parameter that accurately identified high LVEDP soon after MI. Moreover, the E/E m ratio was not superior to the E/A ratio Figure 2 . Receiver-operating characteristic curves of E/A (A) and E/E m (B) ratios for identifying high left ventricular end-diastolic pressure (LVEDP) in rats with myocardial infarction (MI). Observe the large area under the curve (AUC) for both variables. Note the similar good linear correlations by univariate analysis between LVEDP and E/A (C) and E/ E m (D) ratios. A = peak late diastolic LV filling velocity; A m = peak late diastolic myocardial velocity; E = peak early diastolic LV filling velocity; E m = peak early diastolic myocardial velocity.
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www.bjournal.com.br in predicting high LVEDP. In fact, both were independently associated with LVEDP in the MI group. These findings are in contrast to another study (9) , in which the E/E m ratio was considered to be the best parameter for estimating LVEDP. However, in this last study echocardiographic and hemodynamic measurements were not made simultaneously and the data were obtained 3 months after MI. Our simultaneous assessment demonstrated that pulsed Doppler offers similar accuracy compared to tissue Doppler parameters, in addition to the advantage of greater ease of measurement, in identifying rats with MI-induced HF and elevated LVEDP soon after MI.
LV MPI has been the focus of recent studies that addressed the use of DE to assess LV function post-MI in rats (11, 12) . LV MPI significantly increased after MI and correlated with LVEDP (11, 12) , and in one of these studies LVEDP was an independent determinant of LV MPI (12) . In the present study, LV MPI also increased after MI, in agreement with a previous study by our group that showed a shorter ejection time and a prolonged isovolumic contraction time contributing to an increased LV MPI in rats with moderate and large MI (15) . However, in the present study, the small areas under the ROC curves and the weak correlation coefficients of LV MPI against LVEDP at an early stage after MI illustrate that this parameter is not useful for identifying animals with high LVEDP soon after MI.
Limitations
Limitations of this study may include the kind of anesthesia used and the use of fluidfilled catheters. Ketamine-xylazine anesthesia is associated with depressed heart rate and a negative influence on LV ejection fraction in rodents (29) (30) (31) . However, a longlasting anesthesia was more suitable to the long protocol of this study that included two different procedures (LV catheterization and echocardiography). Moreover, a slower heart rate facilitated the identification of both the E and A waves of mitral inflow, whereas higher heart rates achieved with other anesthetics usually result in fusion of E and A waves.
Another possible methodological limitation was the use of fluid-filled catheters instead of micromanometers. High-fidelity pressure records allowed by micromanometers are important for assessing isovolumic contraction and relaxation. Indeed, during these periods the LV pressure curve includes high frequency fundamental components able to promote the resonant phenomenon. The end-diastolic pressure comprises low frequency components, not exposed to resonant interference and almost unaffected by dumping. Additionally, the good quality of the physical characteristics of our manometric system should be emphasized, as natural resonant frequency of 52 Hz and dumping degree of 0.69 assure reliable evaluations of LV pressure (14) at the range of heart rate attained in our animals, approximately 4 Hz.
Using simultaneous hemodynamic and echocardiographic assessments, the present study demonstrated that DE could accurately identify rats with high LVEDP, and therefore in HF, soon after experimentally induced MI. Among several Doppler echocardiographic parameters, the E/A and E/E m ratios were the best predictors of LVEDP with independent association with LVEDP. Importantly, the E/A ratio was as good as tissue Doppler parameters, including the E/ E m ratio. These results form the basis for future studies using longitudinal assessment of experimental therapies in this HF model.
